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(57) ABSTRACT

A controller for use in a power converter includes a drive
circuit coupled to generate a drive signal to control switching
of'a power switch to control a transfer of energy from a power
converter input to a power converter output. The controller
also includes an input for receiving an enable signal including
enable events responsive to the power converter output. The
drive circuit is coupled to turn ON the power switch in
response to the enable events and turn OFF the power switch
in response to a power switch current reaching a current limit
threshold. A current limit threshold generator is coupled to
receive the drive signal from the enable events of the enable
signal. The current limit threshold may be a ramp signal and
the ramp signal along with the time between enable events
may be used to modulate the drive signal.
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1
SWITCHED MODE POWER CONVERTER
CONTROLLER WITH RAMP TIME
MODULATION

BACKGROUND INFORMATION

1. Field of the Disclosure

The present invention relates generally to power convert-
ers, and more specifically to controllers for switched mode
power converters.

2. Background

Electronic devices use power to operate. Switched mode
power converters are commonly used due to their high effi-
ciency, small size and low weight to power many of today’s
electronics. Conventional wall sockets provide a high voltage
alternating current. In a switching power converter a high
voltage alternating current (ac) input is converted to provide
a well regulated direct current (dc) output through an energy
transfer element. In operation, a switch is utilized to provide
the desired output by varying the duty cycle (typically the
ratio of the ON time of the switch to the total switching
period), varying the switching frequency or varying the num-
ber of pulses per unit time of the switch in a switched mode
power converter.

The switched mode power converter also includes a con-
troller. Output regulation may be achieved by sensing and
controlling the output in a closed loop. The controller may
receive a signal representative of the output and the controller
varies one or more parameters in response to the signal to
regulate the output to a desired quantity. Various modes of
control may be utilized such as pulse width modulation
(PWM) control or ON/OFF control.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting and non-exhaustive embodiments of the
present invention are described with reference to the follow-
ing figures, wherein like reference numerals refer to like parts
throughout the various views unless otherwise specified.

FIG. 1is a diagram illustrating an example switched mode
power converter utilizing a controller, in accordance with the
teachings of the present invention.

FIG. 2A is a graph illustrating an example current limit
threshold waveforms, in accordance with the teachings of the
present invention.

FIG. 2B is a timing diagram illustrating an example current
limit threshold and enable signal, in accordance with the
teachings of the present invention.

FIG. 3 is a diagram illustrating one example of the control-
ler of FIG. 1, in accordance with the teachings of the present
invention.

FIG. 4 is a timing diagram illustrating various example
waveforms representing signals of the example controller of
FIG. 3, in accordance with the teachings of the present inven-
tion.

FIG. 5 is a timing diagram illustrating in increased detail
various example waveforms representing signals shown in
FIG. 4 in accordance with the teachings of the present inven-
tion.

FIG. 6 is another timing diagram illustrating various
example waveforms representing signals of the example con-
troller of FIG. 3 in accordance with the teachings of the
present invention.

FIG. 7 is a diagram illustrating another example of the
controller of FIG. 1, in accordance with the teachings of the
present invention.
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FIG. 8 is a timing diagram illustrating various example
waveforms representing signals of the example controller of
FIG. 7, in accordance with the teachings of the present inven-
tion.

Corresponding reference characters indicate correspond-
ing components throughout the several views ofthe drawings.
Skilled artisans will appreciate that elements in the figures are
illustrated for simplicity and clarity and have not necessarily
been drawn to scale. For example, the dimensions of some of
the elements in the figures may be exaggerated relative to
other elements to help to improve understanding of various
embodiments of the present invention. Also, common but
well-understood elements that are useful or necessary in a
commercially feasible embodiment are often not depicted in
order to facilitate a less obstructed view of these various
embodiments of the present invention.

DETAILED DESCRIPTION

In the following description, numerous specific details are
set forth in order to provide a thorough understanding of the
present invention. It will be apparent, however, to one having
ordinary skill in the art that the specific detail need not be
employed to practice the present invention. In other instances,
well-known materials or methods have not been described in
detail in order to avoid obscuring the present invention.

Reference throughout this specification to “one embodi-
ment”, “an embodiment”, “one example” or “an example”
means that a particular feature, structure or characteristic
described in connection with the embodiment or example is
included in at least one embodiment of the present invention.
Thus, appearances of the phrases “in one embodiment”, “in
an embodiment”, “one example” or “an example” in various
places throughout this specification are not necessarily all
referring to the same embodiment or example. Furthermore,
the particular features, structures or characteristics may be
combined in any suitable combinations and/or subcombina-
tions in one or more embodiments or examples. Particular
features, structures or characteristics may be included in an
integrated circuit, an electronic circuit, a combinational logic
circuit, or other suitable components that provide the
described functionality. In addition, it is appreciated that the
figures provided herewith are for explanation purposes to
persons ordinarily skilled in the art and that the drawings are
not necessarily drawn to scale.

Various modes of control may be utilized to regulate the
output of a power converter. In PWM peak current mode
control, the switch remains ON until the current in the switch
reaches a regulation threshold. Once the regulation threshold
is reached, the controller turns the switch off for the remain-
der of the switching period. In general, the controller regu-
lates the output of the power converter by altering the duty
ratio of the switch. The controller may alter the duty ratio by
altering the magnitude of the regulation threshold. A greater
regulation threshold corresponds to a longer ON time and a
larger duty ratio for the switch. However, it should be appre-
ciated that the regulation threshold is generally fixed for an
individual switching cycle. For PWM peak current mode
control, the controller generally receives an analog signal
representative of the output of the power converter. In one
example, the signal received by the controller may convey
how far away the sensed output of the power converter is from
the desired quantity. The controller then alters the duty ratio
of the switch based on the received analog signal.

Another mode of control is known as ON/OFF control,
which enables or disables a switching cycle. When a cycle is
enabled, the switch may conduct current while the switch
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cannot conduct current during a disabled cycle. The control-
ler produces a sequence of enabled and disabled switching
cycles to regulate the output of the power converter. For
ON/OFF control, the controller generally receives a logic
signal representative of the output of the power converter. In
one example, the signal received by the controller may be a
series of logic-level pulses, which would enable or disable the
switch. In another example, the signal received by the con-
troller may be a digital signal used for enabling or disabling
the switch.

In one type of ON/OFF control, the controller turns ON the
switch for a fixed ON time during an enabled cycle. In another
type of ON/OFF control, referred to as current limited
ON/OFF control, the controller turns ON the switch during an
enabled cycle and turns OFF the switch once the current in the
switch reaches a current limit threshold. In general, utilizing
an enable signal in the form of a logic state to represent the
output of the power converter may be beneficial, as the enable
signal may be more noise immune than an analog signal
representative of the output. However, due to the enabling and
disabling of cycles, the effective switching frequency of the
power converter may fall into the audible noise range. In
addition, the root-mean-squared (RMS) current may be
higher for power converters using ON/OFF control and as
such the power converter may be less efficient.

As will be discussed, examples in accordance with the
teachings of the present invention provide a current limited
ON/OFF control scheme with a variable current limit thresh-
old. With discussed examples, the controller receives an
enable signal representative of the output of the power con-
verter. The enable signal includes a series of events, which
enable or disable the power switch. In one example, the con-
troller turns on the power switch in response to an event of the
enable signal and turns off the power switch when the current
in the power switch reaches the variable current limit thresh-
old. The variable current limit threshold varies in response to
the time between successive events of the enable signal. Fur-
ther, the variable current limit threshold may vary in response
to the time between events of the enable signal over a range of
loads coupled to the output of the power converter. In one
example, the variable current limit threshold may be a ramp
signal and the ramp signal along with the time between events
of'the enable signal may be used to modulate the drive signal
which controls the switching of the power switch to regulate
the output of the power converter.

In one example, the variable current limit threshold
increases at an increase rate at the end of each ON time of the
power switch for a fixed time period or until the maximum
current limit threshold is reached. In another example, the
variable current limit increases with a fixed increase amount
in response to the end of the ON time of the power switch. The
variable current limit threshold then decreases at a decrease
rate until the current in the power switch reaches the current
limit threshold or the variable current limit threshold reaches
the minimum current limit threshold. As such, examples in
accordance with the teachings of the present invention may
have increased efficiency and may reduce the likelihood of
producing audible noise while preserving the benefits of a
logic or digital enable signal representative of the output of
the power converter.

To illustrate, FIG. 1 shows an example power converter 100
including input V,, 102, an energy transfer element T1104, a
primary winding 106 of the energy transfer element T1 104,
a secondary winding 108 of the energy transfer element T1
104, a switch S1 110, input return 111, a clamp circuit 112, a
rectifier D1 114, an output capacitor C1 116, an output return
117, aload 118, a sense circuit 120, an enable circuit 122, and
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a controller 124. Controller 124 further includes a drive cir-
cuit block 126 and a current limit threshold generator 128. In
one example, enable circuit 122 and sense circuit 120 may
also be included in controller 124. FIG. 1 further illustrates an
output voltage V5 130, an output current [, 132, an output
quantity U, 134, a feedback signal 136, an enable signal U,,
138, a switch current I, 140, a current sense signal 142, a
drive signal 144, and a current limit threshold signal
U,z 727 148. The example switched mode power converter
100 illustrated in FIG. 1 is coupled in a flyback configuration,
which is just one example of a switched mode power con-
verter that may benefit from the teachings of the present
invention. It is appreciated that other known topologies and
configurations of switched mode power converter may also
benefit from the teachings of the present invention.

In the illustrated example, the power converter 100 pro-
vides output power to a load 118 from an unregulated input
V102, In one example, the input V,, 102 is a rectified and
filtered ac line voltage. In another example, the input voltage
V102 is a dc input voltage. The input V. 102 is coupled to
the energy transfer element T1 104. In some examples, the
energy transfer element T1 104 may be a coupled inductor. In
other examples, the energy transfer element T1 104 may be
transformer. In the example of FIG. 1, the energy transfer
element T1 104 includes two windings, a primary winding
106 and secondary winding 108. N, and N, are the number of
turns for the primary winding 106 and secondary winding
108, respectively. In the example of FIG. 1, primary winding
106 may be considered an input winding, and secondary
winding 108 may be considered an output winding. The pri-
mary winding 106 is further coupled to power switch S1 110,
which is then further coupled to the input return 111. In
addition, the clamp circuit 112 is coupled across the primary
winding 106 of the energy transfer element T1 104.

The secondary winding 108 of the energy transfer element
T1 104 is coupled to the rectifier D1 114. In the example
illustrated in FIG. 1, the rectifier D1 114 is exemplified as a
diode and the secondary winding 108 is coupled to the anode
of'the diode. In some examples, the rectifier D1 114 may be a
transistor used as a synchronous rectifier. When a transistor is
utilized as a synchronous rectifier, another controller (re-
ferred to as a secondary controller) may be utilized to control
the turning ON and OFF of the transistor. In examples, the
enable circuit 122 and/or sense circuit 120 may be included in
the secondary controller (not shown). As shown in the
depicted example, the output capacitor C1 116 and the load
118 are coupled to the rectifier D1 114. In the example of FIG.
1, both the output capacitor C1 116 and the load 118 are
coupled to the cathode of the diode. An output is provided to
the load 118 and may be provided as either an output voltage
V130, output current I, 132, or a combination of the two.

The power converter 100 further includes circuitry to regu-
late the output, which is exemplified as output quantity U,
134. A sense circuit 120 is coupled to sense the output quan-
tity U, 134 and to provide feedback signal U 136, which is
representative of the output quantity U, 134. Feedback signal
Ugs 136 may be voltage signal or a current signal. In one
example, the sense circuit 120 may sense the output quantity
from an additional winding included in the energy transfer
element T1 104 In another example, there may be a galvanic
isolation (not shown) between the controller 124 and the
enable circuit 122 or between the enable circuit 122 and the
sense circuit 120. The galvanic isolation could be imple-
mented by using devices such as an opto-coupler, a capacitor
or a magnetic coupling. In a further example, the sense circuit
120 may utilize a voltage divider to sense the output quantity
U, 134 from the output of the power converter 100. In gen-
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eral, the output quantity U, 134 is either an output voltage V ,
130, output current I, 132, or a combination of the two.

As shown in the depicted example, enable circuit 122 is
coupled to sense circuit 120 and receives feedback signal U5
136 representative of the output of power converter 100 from
the sense circuit 120. Enable signal U,,138 may be a voltage
signal or a current signal. In one example, enable signal U,,
138 is also representative of the output of the power converter
100 and provides information to the controller 124 to enable
or disable the power switch S1 110. Further, the enable signal
Ugzn 138 may include one or more enable events, which cause
the power switch S1 110 to be enabled (or disabled). For
example, the power switch S1 110 may be enabled when an
enable event in enable signal Uz, 138 is received. In one
example, the enable circuit 122 outputs enable signal Ug,,
138, which in one example is a rectangular pulse waveform
with varying lengths of logic high and logic low sections. In
another example, the enable signal U,,138 may be a logic or
digital signal. An enable event in enable signal U, 138 may
be a pulse or a series of pulses that enable (or disable) the
power switch S1 110. In another example, an enable event in
enable signal U, 138 may be a transition from one logic state
to another logic state, which enables (or disables) the power
switch S1 110. In a further example, enable signal U, 138
may be an analog signal, and an enable event may be indi-
cated with enable signal U, 138 crossing of a threshold
value.

Controller 124 is coupled to the enable circuit 122 and
receives enable signal Ug,, 138 from the enable circuit 122.
The controller 124 further includes terminals for receiving the
current sense signal 142 and for providing the drive signal 144
to power switch S1 110. The current sense signal 142 may be
representative of the switch current I, 140 in power switch S1
110. Current sense signal 142 may be a voltage signal or a
current signal. In addition, the controller 124 provides drive
signal 144 to the power switch S1 110 to control various
switching parameters to control the transfer of energy from
the input of power converter 100 to the output of power
converter 100. Examples of such parameters may include
switching frequency, switching period, duty cycle, or respec-
tive ON and OFF times of the power switch S1 110.

As illustrated in example depicted in FIG. 1, the controller
124 includes drive circuit 126 and current limit threshold
generator 128. The drive circuit 126 is coupled to receive the
enable signal Uz, 138. In one example, drive circuit 126
outputs drive signal 144 in response to the enable signal U,,
138. In some examples, drive circuit 126 further receives
current sense signal 142 and outputs drive signal 144 in
further response to the current sense signal 142. Current limit
threshold generator 128 is coupled to receive the drive signal
144 from the drive circuit 126 and further outputs the current
limit threshold signal Uy, ;,, 7,148 to the drive circuit126. In
one example, current limit threshold generator 128 is coupled
to vary the current limit threshold signal U, ,,, ,,, 148 in
response to a time between the enable events of the enable
signal Ug,, 138. In one example, the current limit threshold
signal Uy, ;», 75,148 may be aramp signal and the ramp signal
along with the time between enable events may be used to
modulate the drive signal 144 to regulate the output of the
power converter.

For instance, in one example, the current limit threshold
generator 128 is coupled to increase, within a current limit
threshold range, the current limit threshold signal Uy, ,,,
148 at a increase rate during a fixed time period after an end
of'each ON time of the power switch S1 110. In the example,
after the fixed time period after the end of each ON time of the
power switch S1 110, the current limit threshold generator
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128 is coupled to decrease the current limit threshold signal
U,z 72y 148, within the current limit threshold range, at a
decrease rate until the current through power switch S1 110
reaches the current limit threshold. In one example, the cur-
rent limit threshold signal Uy, ;,, 5 148 may be a voltage
signal or a current signal. As illustrated, the drive circuit 126
also outputs drive signal 144 in response to the current limit
threshold signal U, 74, 148.

In the example of FIG. 1, input voltage V., 102 is positive
with respect to input return 111, and output voltage V, 130 is
positive with respect to output return 117. In the example
illustrated in FIG. 1, the input return 111 is galvanically
isolated from the output return 117. In other words, a dc
voltage applied between input return 111 and output return
117 will produce substantially zero current. Therefore, cir-
cuits electrically coupled to the primary winding 106 are
galvanically isolated from circuits electrically coupled to the
secondary winding 108. For example, galvanic isolation
could be implemented by using an opto-coupler, a capacitive
coupler or a magnetic coupler between the controller 124 and
the enable circuit 122 or between the enable circuit 122 and
the sense circuit 120.

Inone example, the power converter 100 of FIG. 1 provides
regulated output power to the load 118 from an unregulated
input V,, 102. The power converter 100 utilizes the energy
transfer element T1 104 to transfer energy between the pri-
mary 106 and secondary 108 windings. The clamp circuit 112
is coupled to the primary winding 106 of the energy transfer
element T1 104 to limit the maximum voltage on the power
switch S1 110. In the example power converter 100 shown in
FIG. 1, the clamp circuit 112 limits the voltage spike caused
by the leakage inductance of the primary winding 106 after
the power switch S1 110 has turned OFF. Power switch S1
110 is opened and closed in response to the drive signal 144
received from the controller 124 to control the transfer of
energy from the input of the power converter 100 to the output
of power converter 100. It is generally understood that a
switch that is closed may conduct current and is considered
on, while a switch that is open cannot conduct current and is
considered off. In the example of FIG. 1, power switch S1 110
controls a current I, 140 in response to controller 124 to meet
a specified performance of the power converter 100. In some
examples, the power switch S1 110 may be a transistor and
the controller 124 may include integrated circuits and/or dis-
crete electrical components. In one example, controller 124
and power switch S1 110 are included together in a single
integrated circuit. In one example, the integrated circuit is a
monolithic integrated circuit. In another example, the inte-
grated circuit is a hybrid integrated circuit.

The operation of power switch S1 110 also produces a time
varying voltage V  across the primary winding 106. By trans-
former action, a scaled replica of the voltage V is produced
across the secondary winding 108, the scale factor being the
ratio that is the number of turns N; of secondary winding 108
divided by the number of turns N of primary winding 106.
The switching of power switch S1 110 also produces a pul-
sating current at the rectifier D1 114. The current in rectifier
D1 114 is filtered by output capacitor C1 116 to produce a
substantially constant output voltage V , 130, output current
1, 132, or a combination of the two at the load 118.

In the illustrated example, sense circuit 120 senses the
output quantity U, 134 to provide the feedback signal U,z
136 representative of the output of power converter 100 to the
enable circuit 122. The enable circuit 122 receives the feed-
back signal U, 136 and produces an enable signal U,, 138.
The enable signal U,, 138 is representative of the output of
the power converter 100 and provides information to the
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controller 124 (using enable events) to enable or disable the
power switch S1 110. Further, the time between enable events
of the enable signal U, 138 is responsive to the power
converter output. In examples, an enable event may be gen-
erated when the output quantity U, 134 or feedback signal
Uz 136 falls below a threshold. In one example, the enable
signal Uy, 138 may utilize a pulse (the enable signal
increases to a logic high value and decreases to a logic low
value) as the enable event to control the power switch S1110.

In the example of FIG. 1, the controller 124 receives the
enable signal Uy, 138 and also receives the current sense
signal 142, which is representative of the sensed switch cur-
rent [, 140 in the power switch S1 110. The switch current I,
140 may be sensed in a variety of ways, such as for example,
the voltage across a discrete resistor or the voltage across the
transistor when the transistor is conducting. The controller
124 outputs drive signal 144 to operate the power switch S1
110 in response to various inputs to substantially regulate the
output quantity U, 134 to the desired value. With the use of
the sense circuit 120, enable circuit 122, and the controller
124, the output of the power converter 100 is regulated in a
closed loop in accordance with the teachings of the present
invention.

As shown in the depicted example, controller 124 further
includes drive circuit 126, which receives the enable signal
Ugy 138 and current sense signal 142. Drive circuit 126
outputs the drive signal 144 to control switching the power
switch S1 110 in response to the enable signal U,, 138 and
current sense signal 142 to control the transfer of energy from
the input of power converter 100 to the output of power
converter 100. In one example, drive circuit 126 turns ON the
power switch S1 110 in response to an enable event. In one
example, drive circuit 126 turns ON the power switch S1 110
when the enable signal U,; 138 pulses to a logic high value.
In one example, drive circuit 126 turns OFF the power switch
S1 110 when the switch current I, 140 represented with the
current sense signal 142 reaches the current limit threshold
signal U5, 777 148. In one example, the drive signal 144 is
a rectangular pulse waveform with varying lengths of logic
high and logic low sections. Drive signal 144 may be a voltage
signal or a current signal. In one example, the power switch
S1 110 is ON when the drive signal 144 is logic high and the
power switch S1 110 is OFF when the drive signal 144 is logic
low.

As shown in the depicted example, the drive signal 144 is
also coupled to be received by the current limit threshold
generator 128. In one example, the current limit threshold
generator 128 generates the current limit threshold signal
Uiz 7z 148 in response to the drive signal 144. As will be
further discussed, the current limit threshold signal Uy, 7., 75
148 increases, within a current limit threshold range, at an
increase rate for a fixed time period after the end of the ON
time of the power switch S1 110. In other words, the current
limit threshold signal U, 74 148 increases by a fixed
amount, within the current limit threshold range, at the end of
the ON time of the power switch S1 110. Thus, in one
example the current limit threshold signal U ;,, ;148 does
notincrease beyond a maximum current limit threshold. After
the fixed time period, the current limit threshold signal
U,z 7 148 decreases, within the current limit threshold
range, at a decrease rate. In one example, the current limit
threshold signal U, ;,, ;,, 148 decreases until the switch cur-
rent I, 140 indicated by the current sense signal 142 reaches
the current limit threshold signal U ;,, 7, 148 or until the
current limit threshold signal Uy, 5, 7 148 reaches a mini-
mum current limit threshold.
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As mentioned above, the drive signal 144 is generated in
response to the enable signal U,, 138. In one example, cur-
rent limit threshold generator 128 therefore also generates the
current limit threshold signal U, ;,, ;148 inresponse to the
enable signal U,,138. In particular, the current limit thresh-
old signal Uy, ;», 7z 148 is responsive to the time between
enable events of the enable signal Uy, 138 over a range of
loads coupled to the output of the power converter 100. In
another example, the current limit threshold signal Uy, 75, 7
148 may be a ramp signal and the ramp signal along with the
time between enable events may be used to modulate the drive
signal 144 to regulate the output of the power converter. As
such, examples in accordance with the teachings of the
present invention may have increased efficiency and may
reduce the likelihood of producing audible noise while pre-
serving the benefits of a logic or digital enable signal repre-
sentative of the output of the power converter 100.

FIG. 2A illustrates an example graph 200 illustrating
example relationships of the current limit threshold I, ;,, 250
decreasing over time in accordance with the teachings of the
present invention. In particular, graph 200 illustrates a first
relationship 252 of the current limit threshold I,,, 250, a
second relationship 254 of the current limit threshold 1,,,,
250, a maximum current limit threshold Iz, 4., 256, a mini-
mum current limit threshold I, ,,,,,258, atimet, 260,and a
timet, 262. Further illustrated is a 100% current limit 264 that
corresponds to the highest value of the current limit threshold
1; 2,250, which the switch current I, 140 may reach since the
current limit threshold I,,, 250 is variable and begins
decreasing a fixed time period after the power switch S1110
turns off. In one example, the fixed time period is substan-
tially zero. In addition, current limit threshold range 265 is the
range of values between the minimum current limit threshold
Lrzr aszn 258 to the maximum current limit threshold I, /.«
256 which the current limit threshold generator may vary the
current limit threshold I, ,250.

As shown in the example first relationship 252, the current
limit threshold I, ,, 250 decreases, within a current limit
threshold range 265, with a first decrease rate from the maxi-
mum current limit threshold 1., ,,,, 256 to the minimum
current limit threshold I, ,,,,258. The current limit thresh-
old 1,,,, 250 reaches the minimum current limit threshold
Lrsr ey 258 at time t; 260. Once the current limit threshold
I, ;s 250 decreases to the minimum current limit threshold
Lrgr armv 258, the current limit threshold I,,, 250 stops
decreasing and is substantially equal to the minimum current
limit threshold I 7 5, 258.

As shown in the example second relationship 254, the
current limit threshold I, ,,, 250 decreases, within the current
limit threshold range 265, with a second decrease rate from
the maximum current limit threshold I, ,,,5 256 to the
minimum current limit threshold 1,5, ,,,, 258. The current
limit threshold I, ,,, 250 reaches the minimum current limit
threshold 1, ,, 258 at time t, 262. Once the minimum
current limit threshold 1,5, ., 258 is reached, the current
limit threshold I, ,,, 250 stops decreasing and is substantially
equal to the minimum current limit threshold 1, ., 258.
The first relationship 252 and the second relationship 254
illustrate the current limit threshold I, ,,, 250 substantially
linearly decreasing with respect to time. However, examples
may also include relationships in which the current limit
threshold 1,,, 250 is non-linear and/or monotonic. For
example, the relationship may be quadratic, exponential, or
piecewise linear. Further examples may also include relation-
ships in which the current limit threshold I, 250 may
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include a series of decreasing steps. The series of decreasing
steps may be substantially linearly decreasing or non-linearly
decreasing.

In one example controller may select the first relationship
252 or the second relationship 254 to utilize for decreasing the
current limit threshold 250. For instance, in one example the
controller may select the first relationship 252 or the second
relationship 254 in response to the input voltage V;,, 102 of
the power converter 100. The current limit threshold I, ;, ,250
illustrated in FIG. 2A may be utilized to vary the current limit
threshold signal U, ;,, ,,148. In particular, the relationships
shown in FIG. 2A may be utilized to determine how the
current limit threshold signal U ;,, 7,7 148 responds to the
enable signal Uz,, 138 and/or drive signal 144.

FIG. 2B illustrates another example graph 201 illustrating
the relationship of the current limit threshold signal Uy, ,,,
248 over time. In the depicted example, the current limit
threshold signal Uy, ,,, 7, 248, switch current I, 240, and
enable signal Uy, 238 are respective examples of current
limit threshold signal U5, 7 148, switch current 1, 140,
and enable signal U,, 138 discussed above with respect to
FIG. 1. In addition, the first relationship 252 may be utilized
to determine how the current limit threshold signal Uy, ;,,
248 responds to the enable signal U, 238.

As illustrated in the depicted example, the current limit
threshold signal Uy, ;,, - 248 decreases, within the current
limit threshold range 265, from the maximum current limit
threshold 1, ,,,x 256. When an enable event occurs in
enable signal U,,238, which is indicated in the example with
the enable signal U, 238 pulsing to a logic high value (in
other words, an enable pulse is received), the power switch S1
110 is turned ON and the switch current I, 240 begins to
increase. When the switch current I, 240 reaches the current
limit threshold signal U, ;,, 7,248, the power switch S1110
is turned OFF and the switch current I, 240 falls to zero.
Further, the current limit threshold signal Uy, ;- 248
increases in response to the power switch S1 110 being turned
OFF. In one example, the current limit threshold signal
Uziar 72 248 increases to the maximum current limit thresh-
old 1,4 4.5 256. However, in other examples the current
limit threshold signal U, 72 248 increases by a fixed
amount within the current limit threshold range 265. In the
example illustrated in FIG. 2B, once the current limit thresh-
old signal Uy, ,5, 77 248 reaches the maximum current limit
threshold Iy s,y 256, the current limit threshold signal
Upzar 727248 begins to decrease again. In the example shown
in FIG. 2B, another enable pulse is not received from the
enable signal U,, 238 and as such the current limit threshold
signal Uy, 7y 248 decreases, within the current limit
threshold range 265, to the minimum current limit threshold
I7er auv 258. FIG. 2B also illustrates a dashed line 253 that
shows how the current limit threshold signal Uy, 5, 7, 248
would have decreased, within the current limit threshold
range 265, if the enable event in enable signal U,, 238 had
not been received and the power switch S1 110 had therefore
had not been turned ON.

FIG. 3 illustrates an example controller 300, which in one
example may be controller 100 of FIG. 1. It should be appre-
ciated that similarly named and numbered elements refer-
enced below are coupled and function as described above. As
mentioned above, drive circuit 326 is coupled to receive the
enable signal U, 338, current sense signal 342 and the cur-
rent limit threshold signal U ., ., 348. In the illustrated
example, drive circuit 326 is shown including latch 366,
which in the illustrated example is coupled to be reset by
comparator 368. In the example, latch 366 is coupled to
receive the enable signal Uz, 338 at its S-input while the
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output of comparator is coupled to the R-input of latch 366.
The drive signal 344 is output from the latch 366. As shown,
the drive signal 344 is output from the Q-output of latch 366.
As will be further discussed, the Q-output of the latch 366 is
logic high if the enable signal U, 338 is logic high. In one
example, the enable signal U, 338 is a rectangular pulse
waveform, which transitions to a logic high value and quickly
falls to a logic low value. In one example, the occurrence of a
logic high pulse of the enable signal U,,338 may be referred
to as an enable event. When an enable event is received at the
S-input of latch 366, the drive signal 344 transitions to a logic
high value. Drive signal 344 transitions to a logic low value
when a logic high value is received at the R-input of latch 366.

As shown in the depicted example, comparator 368 is
coupled to receive the current sense signal 342 and the current
limit threshold signal Uy, ;,, ;,348. In the example shown in
FIG. 3, the current sense signal 342 is received at the non-
inverting input of comparator 368 while the current limit
threshold signal Uy, 5, 75y 348 is received at the inverting
input of comparator 368. Drive signal 344 transitions to a
logic low value when the current sense signal 342 reaches the
current limit threshold signal U, 7,y 348. As mentioned
above, in one example the current sense signal 342 is repre-
sentative of the switch current I, 140. As such, the drive
signal 344 transitions to a logic low value when the switch
current [, 140 represented with current sense signal 342
reaches the current limit threshold signal Uy, 74 348. In
one example, the drive signal 344 is a rectangular pulse wave-
form with varying lengths of logic high and logic low sec-
tions. In one example, the length of time that the drive signal
344 is logic high corresponds to the ON time (t,,,) of the
power switch S1 110 and the length of time the drive signal
344 is logic low corresponds to the OFF time (t, ) of the
power switch S1 110. In addition, the length of time between
rising edges of the drive signal 344 may be referred to as the
switching period Ts.

Current limit threshold generator 328 is coupled to receive
the drive signal 344 from the drive circuit 326. In the example
depicted in FIG. 3, a monostable multivibrator 370 is coupled
to receive the drive signal 344 from latch 366. In one example,
the monostable multivibrator 370 generates a pulse with a
fixed time period (in other words, the pulse is logic high for a
fixed time period) in response to an edge of the drive signal
344. In one example, the monostable multivibrator 370 gen-
erates a pulse with a fixed time period in response to the
falling edge of the drive signal 344. In other words, the
monostable multivibrator 370 generates a pulse with a fixed
time period at the end of the ON time (t,,) of the power
switch. The output of the monostable multivibrator 370 is
referred to as the one shot signal OS 390.

As illustrated, AND gate 386 and inverter 389 are coupled
to receive the one shot signal OS 390 from the monostable
multivibrator 370. The inverter 389 is further coupled to AND
gate 388 such that AND gate 388 receives the inverted one
shot signal OS 391. AND gates 386 and 388 output the charge
signal CHG 392 and discharge signal DIS 394 (respectively)
to control switching of switches S2 374 and S3 378. One end
of switch S2 374 is coupled to current source 372 while the
other end of switch S2 374 is coupled to one end of switch S3
378. The other end of switch S3 378 is coupled to current
source 376. One end of capacitor 380 is coupled to a node
between switch S2 374 and switch S3 378. As illustrated, the
voltage across capacitor 380 is output from the current limit
threshold generator 328 as current limit threshold signal
Urins 7348,

In one example, current source 376 may be a controlled
current source. As illustrated in FIG. 3, current source 376
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may be coupled to receive select signal SELECT 396. Select
signal 396 may be utilized to select the magnitude of I, of
current source 376. Referring back to the examples depicted
FIG. 2A, the first or second relationship 252 or 254 may be
selected for the current limit threshold 250 in response to the
input voltage V102 of the power converter 100. As will be
further discussed, the magnitude of I,,,5 of current source 376
affects the discharge rate of the capacitor 380. As such, the
select signal 396 may select the magnitude of I, of current
source 376 in response to the input voltage V,,, 102 of the
power converter in accordance with the teachings of the
present invention. For instance, in one example, select signal
396 may set a first magnitude for I, for a first input voltage
value for V, 102 and select signal 396 may set a second
magnitude for I,,;c for a second input voltage value for V,,
102 in accordance with the teachings of the present invention.
In other words, in one example, a plurality of different I,
magnitudes for current source 376 may be selected in
response to the input voltage V,,, as represented with select
signal 396 in FIG. 3, in accordance with the teachings of the
present invention. In one example, a lower input voltage V
102 may correspond to a larger magnitude for I,,. In another
example, a first magnitude of I, for the current source 376
may be selected for a first range of V,, 102 and a second
magnitude of I, for the current source 376 may be selected
for second range of V,, 102. In one example, there could be
several ranges of V, 102 and corresponding magnitudes of
1,zs for the current source 376. The ranges of V,,102 in one
example, could correspond to ac voltage ranges needed to
operate in different geographies; 100VAC-15% to 115VAC+
15% for Japan and the U.S., 230VAC+/-15% for Europe, etc.

Both comparators 382 and 384 are coupled to capacitor
380 to receive the current limit threshold signal Uy, 7
348. As illustrated, comparator 382 receives the current limit
threshold signal U, ;,, ;348 atits non-inverting input while
comparator 384 receives the current limit threshold signal
U 7y 348 at its inverting input. Comparator 382 also
receives the maximum current limit threshold Uz ,,.x 356
at its inverting input while the comparator 384 receives the
minimum current limit threshold Uz ., 358 at its non-
inverting input. In the illustrated example, AND gates 386 and
388 are coupled to receive the inverted outputs of comparator
382 and 384, respectively, as illustrated by the small circle at
one of the inputs for both AND gates 386 and 388.

When the one shot signal OS 390 transitions to a logic high
value, the charging signal CHG transitions to a logic high
value and switch S2 374 is closed. In addition, the discharge
signal DIS 394 transitions to a logic low value and opens
switch S3 378. As such, the capacitor 380 is charged by
current source 372 with current I.. In one example, the
amount at which the voltage (i.e., the current limit threshold
signal Uy ;», 77 348) across capacitor 380 increases is pro-
portional to the magnitude of current I . provided by current
source 372 and the amount of time the one shot signal OS 390
is logic high (i.e., the fixed time period). In particular, the
amount which the current limit threshold signal U, ,,, 7,348
increases is substantially equal to the product of the magni-
tude of current I . and the fixed time period divided by the
capacitance of capacitor 380. Or mathematically:

Ictpixep

AU gn = o

Or in other words, the increase rate of the current limit thresh-
old signal Uy, ;», 74 380 is proportional to the magnitude of
current [~ and the capacitance of capacitor 380.
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Charging signal CHG 392 transitions to logic low if the one
shot signal OS 390 transitions to a logic low value or the
voltage across capacitor 380 (i.e., current limit threshold sig-
nal Uy za, 72 348) reaches the maximum current limit thresh-
old Uz 445 356. When the charging signal CHG 392 is a
logic low value, the switch S2 374 opens and capacitor 380 is
no longer charged by current source 372.

When the inverted one shot signal OS 391 transitions to the
logic high value, the discharging signal DIS 394 transitions to
a logic high value and closes switch S3 378. As such, the
capacitor 380 is discharged by the current source 376 with
current I,;.. The decrease rate of the current limit threshold
signal U, 5, 727 348 is proportional to the magnitude of cur-
rent I, and the capacitance of capacitor 380. In one
example, the magnitude of the increase rate is greater than the
magnitude of the decrease rate.

Discharging signal DIS 394 transitions to logic low if the
inverted one shot signal OS 391 transitions to a logic low
value or if the voltage across capacitor 380 (i.e., current limit
threshold signal Uy, ;,, 7, 348) reaches the minimum current
limit threshold U, ., 358. When the discharging signal
DIS 394 is a logic low value, the switch S3 378 opens and
capacitor 380 is no longer discharged by current source 376.

Referring to FIG. 4, a timing diagram 400 that illustrates
various example waveforms of signals of the controller 300 of
FIG. 3 is shown in accordance with the teachings of the
present invention. It should be appreciated that similarly
named and numbered elements referenced below are coupled
and function as described above. In the example depicted in
FIG. 4, the current limit threshold range 465 is the range of
values between the minimum current limit threshold
Uzy agy 458 to the maximum current limit threshold
Uz 224456 which the current limit threshold generator 328
may vary the current limit threshold signal U, 5, ,,448.The
waveforms described in the timing diagram 400 illustrate
that, in one example, a fixed increase amount of the current
limit threshold signal Uy, ;,, 7,448 for each fixed time period
in which one shot signal OS 490 is a logic high is less than the
current limit threshold range 465 such that a plurality of
consecutive switching cycles of the power switch S1 110
occur before the current limit threshold generator 328 can
vary the current limit threshold signal Uy, ;,, ;448 from the
minimum current limit threshold Uyy; 4. 458 up to the
maximum current limit threshold U, ,,,,456. Forinstance,
in the example shown in FIG. 4, three consecutive switching
periods are utilized to vary the current limit threshold signal
Uz 7 448 from the minimum current limit threshold
Uzy agy 458 to the maximum current limit threshold
Uz azax 456. In other examples (not shown), the current
limit threshold signal U, ;, 7,448 for each fixed time period
could vary from the minimum current limit threshold
Uy agy 458 up to the maximum current limit threshold
Uz 2241 456.

To illustrate, at the beginning of switching period T,, the
current limit threshold signal Uy ;,, 77 448 (shown as the
bolded line) is substantially equal to the minimum current
limit threshold Uy, ,,,458. An enable event is received (as
shown by the enable signal U, 438 transitioning to a logic
high value) by the latch 366 and the drive signal 444 transi-
tions to a logic high value, which therefore turns ON the
power switch S1110. The current sense signal 442 (represen-
tative of the switch current I, 140) begins to increase from
zero. The rate at which the switch current 1, 140 and current
sense signal 442 increases is proportional to the input voltage
V ofthe power converter. When the current sense signal 442
reaches the current limit threshold signal Uy, ;,, 7, 448, the
output of comparator 368 transitions to a logic high value,
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which resets latch 366 causing the drive signal 444 to transi-
tionto a logic low value and the power switch S1 110 is turned
OFF. As shown, the time in which the drive signal 444 is logic
high is referred to as the ON time (t,,,) of the power switch S1
110 and the time in which the drive signal 444 is logic low
may be referred to as the OFF time (t,z) of the power switch
S1 110. Once the power switch is turned OFF, the current
sense signal 442 falls to zero.

Atthe falling edge of the drive signal 444 during switching
period T, the one shot signal OS 490 transitions to a logic
high value for a fixed time period. During switching period
T,, the value of the current limit threshold signal Uy, 75, 7
448 is less than the maximum current limit threshold
Uz azax 456 for the entirety of the fixed time period. As
such, the output of comparator 382 is logic low and the charge
signal CHG 392 is logic high for as long as the one shot signal
OS 490 is logic high. Switch S2 374 is closed and the capaci-
tor is charged by current source 372. As a result, the current
limit threshold signal Uy, ;,, 7, 448 increases for as long as
the charge signal CHG 392 is logic high.

As illustrated the current limit threshold signal Uy, ,,, 7
448 increases, within the current limit threshold range 465,
with a increase rate during a fixed time period after the end of
the ON time t,,, of the power switch. Referring back to FIG.
3, the increase rate for the current limit threshold signal
Uiz 7y 448 s substantially proportional to the current I
provided by current source 372 and the capacitance of capaci-
tor 380. In particular, the maximum amount which the current
limit threshold signal U, ;,, -7 448 may increase by is sub-
stantially equal to the product of the magnitude of current I .
and the fixed time period divided by the capacitance of
capacitor 380. As shown in the illustrated example, the maxi-
mum amount that the current limit threshold signal Uy, ;,,
448 may increase is less than the current limit threshold range
465.

The inverted one shot signal OS 491 transitions to a logic
high value as the one shot signal OS 490 transitions to a logic
low value at the end of the fixed time period. The output of
comparator 384 is logic low as long as the value of the current
limit threshold signal U, ,,, ,,, 448 is greater than the mini-
mum current limit threshold U 5, 458. As such, the dis-
charge signal DIS 494 output from AND gate 388 is logic
high until the inverted one shot signal OS 491 transitions to a
logic low value or the value of the current limit threshold
signal Uy, 77 448 reaches the minimum current limit
threshold Uz azn 458. As illustrated, the current limit
threshold signal Uy, ,,, ,, 448 decreases with a decrease rate
until the current sense signal 442 reaches the current limit
threshold signal Uy, ;,, ., 448. Referring back to FIG. 3, the
decrease rate is substantially proportional to the current I,
provided by current source 376 and the capacitance of capaci-
tor 380.

Atthe start of switching period T,, the current limit thresh-
old signal Uy, ;,, ;448 is still decreasing with the decrease
rate. Another enable event is received (as shown by the enable
signal U,, 438 transitioning to a logic high value at the start
of switching period T,), which sets the latch 366 and causes
the drive signal 444 to transition to a logic high value, which
turns ON power switch S1 110. When the current sense signal
442 reaches the current limit threshold signal Uy, 75, 7,, 448
(which is still decreasing), the output of comparator 368
transitions to a logic high value, which resets latch 366 and
causes the drive signal 444 to transition to a logic low value,
which turns OFF the power switch S1 110.

Continuing with the example depicted in FIG. 4, the one
shot signal OS 490 transitions to a logic high value at the end
of the ON time t,,, during switching period T,. Similar to
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switching period T,, during switching period T, the value of
the current limit threshold signal U, ;,, ;448 isless than the
maximum current limit threshold Ugy ..,y 456 for the
entirety of the fixed time period at which the one shot signal
OS 490 is logic high. As such, the charge signal CHG 492 is
logic high for the entirety of the fixed time period and tran-
sitions to a logic low value when the one shot signal OS 490
transitions to a logic low value after the fixed time period. Or
in other words, the charge signal CHG 492 substantially
follows the one shot signal OS 490. At the end of the fixed
time period (i.e., one shot signal OS 490 has transitioned to a
logic low value and the inverted one shot signal OS 491 has
transitioned to a logic high value), the current limit threshold
signalU,; ;,, 7448 decreases with the decrease rate until the
minimum current limit threshold Uy, ;458 or the current
sense signal 442 reaches the current limit threshold signal
Uy s 77448, Inthe example shown, the current limit thresh-
old signal Uy, 7z 448 decreases until the current sense
signal 442 reaches the current limit threshold signal U, ;, 7
448.

As shown in the depicted example, another enable event is
received at the start of switching period T; and the current
limit threshold signal Uy, ;,, ;4 448 is still decreasing with
the decrease rate. Switching period Tj; is similar to switching
period T,. However, at the end of the fixed time period of the
one shot signal OS 490, the current limit threshold signal
U,z 72y 448 has just reached the maximum current limit
threshold Uz .45 456. At the end of the fixed time period,
the current limit threshold signal Uy, . 448 begins
decreasing.

Another enable event is received at the start of switching
period T, and the current limit threshold signal U, ,,, 7,448
is still decreasing with the decrease rate. The drive signal 444
transitions to a logic high value and the power switch is turned
ON. When the current sense signal 442 reaches the current
limit threshold signal Uy, », 72,448 the output of comparator
368 transitions to a logic high value and the drive signal 444
transitions to a logic low value and the power switch is turned
OFF.

The one shot signal OS 490 transitions to a logic high value
at the end of the ON time t,,, during switching period T,. At
the end of the ON time t,,, during switching period T,, the
value of the current limit threshold signal Uy, ;,, 7,448 s less
than the maximum current limit threshold Uy, 5,1 456. As
such the output of comparator 382 is logic low and the charge
signal CHG 492 is logic high. Switch S2 374 is turned ON and
the current limit threshold signal Uy ;,, 77 448 begins to
increase.

However, unlike switching periods T,, T,, and T;, the
current limit threshold signal Uy, », 77448 reaches the maxi-
mum current limit threshold Uy, 4,4 456 before the end of
the fixed time period (i.e., the one shot signal OS 490 is still
logic high). When the current limit threshold signal Uy, ;,,
448 reaches the maximum current limit threshold Uy, 545
456, the output of comparator 382 is logic high and the charge
signal CHG 492 transitions to a logic low value. As such,
switch S2 374 is turned OFF and the capacitor 380 is no
longer charged by current source 372. As will be further
illustrated in FIG. 5, the current limit threshold signal
U, s 2y 448 remains substantially equal to the maximum
current limit threshold U, ,,,,-456 for the remainder of the
fixed time period in which one shot signal OS 490 is a logic
high value. Or in other words, the current limit threshold
signal Uy 7», 777 448 is substantially equal to the maximum
current limit threshold Uy, 4, 5456 until the one shot signal
OS 490 transitions to a logic low value.



US 9,246,392 B2

15

At the end of the fixed time period, the inverted one shot
signal OS 491 transitions to a logic high value. The output of
comparator 384 is logic low since the value of the current
limit threshold signal U,; ;,, 74, 448 is greater than the mini-
mum current limit threshold Uyy, . 458. As a result the
discharge signal DIS 494 is logic high and the switch S3 378
is closed and the current limit threshold signal U, ;,, ;448
decreases until the current sense signal 442 reaches the cur-
rent limit threshold signal U, ;, ;448 or the current limit
threshold signal Uy, 5, 74, 448 reaches the minimum current
limit threshold Uz, 5,458 In the example shown in FIG. 4,
the waveforms shown for switching periods T, T, T, and Ty
are similar to waveforms described with respect to switching
period T, discussed above.

FIG. 5 is a timing diagram illustrating in increased detail
various example waveforms of signals shown in FIG. 4 in
accordance with the teachings of the present invention. In
particular, the timing diagram 500 illustrates an example in
which the current limit threshold signal Uy, 7z 548 is
clamped within the current limit threshold range at the maxi-
mum current limit threshold U, ,,,+556. At the end of the
ON time of the power switch S1 100 (as shown by the drive
signal 544 transitioning to the logic low value), the one shot
signal OS 590 transitions to a logic high value. As mentioned
above, the length of time at which the one shot signal OS 590
is logic high may be referred to as the fixed time period. At the
beginning of the fixed time period, the current limit threshold
signal Uy, ;,, 7z 548 is less than the maximum current limit
threshold Uz, .4 556 and the output of comparator 382 is
logic low. As such, the charge signal CHG 592 transitions to
alogic high value when the one shot signal OS 590 transitions
to a logic high value. The switch S2 374 is closed and the
current limit threshold signal Uy, ;,, .., 548 increases.

However, the current limit threshold signal U, 7, 548
reaches the maximum current limit threshold U, ,,,. 556
before the end of the fixed time period of the one shot signal
OS 590. The output of comparator 382 transitions to a logic
high value and as a result the charge signal CHG 592 transi-
tions to a logic low value. The current limit threshold signal
U0z 727 548 is substantially equal to the maximum current
limit threshold Uy, 4., 556 for the remainder of the fixed
time period of the one shot signal OS 590. Once the one shot
signal OS 590 transitions to a logic low value, the inverted one
shot signal OS transitions to a logic high value and the current
limit threshold signal U, ;», 7 548 begins to decrease.

Referring now to FIG. 6, a timing diagram 600 of various
example waveforms of signals of the controller 300 of FIG. 3
is shown. It should be appreciated that similarly named and
numbered elements referenced below are coupled and func-
tion as described above. Further, the waveforms described in
the timing diagram 600 illustrate an example in which the
current limit threshold signal Uy, ;,, 7, 648 may be clamped
within the current limit threshold range 665 to the minimum
current limit threshold U,y ,,. 658. The current limit
threshold range 665 is the range of values between the mini-
mum current limit threshold U, ., 658 to the maximum
current limit threshold Uy, 5,4+ 656 which the current limit
threshold generator 328 may vary the current limit threshold
signal Uy, p, 7y 648.

As shown in the example, an enable event is received at the
beginning of switching period T,, and the power switch is
turned ON. The drive signal 644 transitions to a logic low
value and the power switch is turned OFF when the current
sense signal 642 reaches the current limit threshold signal
Uziar 72 648. Switching period T, is similar to the switching
periods T, through T, described above. In the example shown,
the current limit threshold signal U, ;,, ;- 648 increases,

10

15

20

25

30

35

40

45

50

55

60

65

16

within the current limit threshold range 665, to the maximum
current limit threshold U, ,,,, 656 and begins to decrease
when the discharge signal DIS 694 transitions to a logic high
value.

An enable event is received at the beginning of switching
period Ty, and the current limit threshold signal Uy, 5, 75
648 is still decreasing. The drive signal 644 transitions to a
logic high value and the power switch S1 110 is turned ON.
When the switch current 1, 140 represented with current
sense signal 642 reaches the current limit threshold signal
Uziar 72 648, the drive signal 644 transitions to a logic low
value and the power switch S1 110 is turned OFF. As previ-
ously discussed, the current limit threshold signal U, 5, 75
648 begins to increase at the end of the ON time (t,,,) of drive
signal 644. During switching period Ty, ;, the value of the
current limit threshold signal Uy, ,,, -, 648 is less than the
maximum current limit threshold Uy, 5,4+ 656 and current
limit threshold signal U ;,, ;- 648 increases for the entirety
of'the fixed time period of the one shot signal OS. As such, the
charge signal CHG 692 is logic high for as long as the one shot
signal OS is logic high.

At the end of the fixed time period, the current limit thresh-
old signal Uy, ;», 7, 648 is greater than the minimum current
limit threshold Uy, 4,658 and the inverted one shot signal
OS 691 transitions to a logic high value. The discharge signal
DIS 694 is logic high and the current limit threshold signal
Uzar 72 648 begins to decrease within the current limit
threshold range 665. However, when the current limit thresh-
old signal Uy ;,, 74 648 reaches the minimum current limit
threshold U, ,,,» 658, the output of comparator 384 transi-
tions to a logic high value and the discharge signal DIS 694
transitions to a logic low value and the current limit threshold
signal Uy, ;,, ., 648 remains substantially equal to the mini-
mum current limit threshold U, 658. The current limit
threshold signal U, ;,, 7., 648 remains clamped to the mini-
mum current limit threshold Uy, ,,,»-658 until the end of the
next ON time of drive signal 644. In the example shown, the
current limit threshold signal Uy, ;,, 7,648 begins increasing
at the end of the ON time (t,,,) during switching period T, 5.

FIG. 7 illustrates an example controller 700, which is
another example of controller 100 shown in FIG. 1 in accor-
dance with the teachings of the present invention. It should be
appreciated that similarly named and numbered elements
referenced below are coupled and function as described
above. Controller 700 shares many similarities with the con-
troller 300 shown in FIG. 3, however, controller 700 includes
transistors coupled together as current mirrors that are
coupled to charge and discharge switches S2 774 and S3 778.
In addition, the current limit threshold generator 728 utilizes
the current mirrors to clamp the current limit threshold signal
Uzzar 72 748 to either the minimum current limit threshold
Uyy agy 758 or the maximum current limit threshold
Ugzzr azax 756 rather than the comparators and AND gates
shown in FIG. 3.

Drive circuit block 726 is similar to drive circuit block 326
shown in FIG. 3. The drive signal 744 is output from the latch
766 to the monostable multivibrator 770. Similar to
monostable multivibrator 370 described above, the
monostable multivibrator 770 generates a pulse with a fixed
time period (in other words, the pulse is logic high for a fixed
time period) in response to an edge of the drive signal 744. For
example, the monostable multivibrator 770 generates a pulse
with a fixed time period in response to the falling edge of the
drive signal 744. The output of the monostable multivibrator
770 is referred to as the one shot signal OS 790.

The output of the monostable multivibrator 770 is further
coupled to control switching of the switch S2 774. In the
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example shown, the signal that controls the switch S2 774 is
referred to as the charge signal CHG 792. In the example
shown, the charge signal CHG 792 is substantially the same
as the one shot signal OS 790. Inverter 789 is also coupled to
receive the one shot signal OS 790 from the monostable
multivibrator 770. The output of the inverter 789 is further
coupled to control switching of the switch S3 778. In the
example shown, the output of the inverter 789 is referred to as
the discharge signal DIS 794. In the example shown, the
discharge signal DIS 794 is the inverted one shot signal OS
790.

One end of capacitor 780 is coupled between switch S2 774
and switch S3 778. Further, one end of switch S2 774 is
coupledto transistor 797. Transistors 795 and 797 are coupled
together as a current mirror. In one example, transistors 795
and 797 are p-type metal oxide semiconductor transistors
(MOSFETs). As illustrated, transistors 795 and 797 mirror
the current I - provided by current source 772. In the example
shown, the current mirror formed by transistors 795 and 797
are referenced to the maximum current limit threshold
Usr arax 156.

Switch S3 778 is further coupled to transistor 799. Tran-
sistors 798 and 799 are coupled together as a current mirror.
In one example, transistors 798 and 799 are n-type MOS-
FETs. As illustrated, transistors 798 and 799 mirror the cur-
rent 1,5 provided by current source 776. In one example,
current source 776 may be a controlled current source. As
illustrated in FIG. 7, current source 776 may be coupled to
receive select signal SELECT 796. In one example, select
signal 796 may be utilized to vary the magnitude of I,,,5 of
current source 776. In the example shown, the current mirror
formed by transistors 798 and 799 are referenced to the mini-
mum current limit threshold U, ,,,,, 758. In the example,
the select signal 796 may select the magnitude of I,,,5 of
current source 776 in response to the input voltage V,, of the
power converter. For instance, in one example, select signal
796 may set a first magnitude for I, in response to a first
input voltage value for V,,,102, and select signal 796 may set
a second magnitude for I, in response to a second input
voltage value for V;,, 102. In one example, a lower input
voltage V,, may correspond to a larger magnitude for U,.

In operation, switches S2 774 and S3 778 are opened and
closed to charge or discharge the capacitor 780 in response to
current sources 772 or 776, respectively. Atthe falling edge of
the drive signal 744, the one shot signal OS 790 transitions to
the logic high value for a fixed time period and the switch S2
774 is closed. In addition, the discharge signal DIS 794 tran-
sitions to a logic low value and opens switch S3 778. As such
the capacitor 780 is charged in response to current source 772
with current I and the current limit threshold signal
Uzzar 7z 748 increases. When the one shot signal OS 790
transitions to the logic low value at the end of the fixed time
period, the discharging signal DIS 794 transitions to a logic
high value and closes switch S3 778. As such the capacitor
780 is discharged in response to the current source 776 with
current I, and the current limit threshold signal Uy, ,,,
748 decreases.

However, the current sources formed by transistors 795 and
797 and transistors 798 and 799 are referenced to the maxi-
mum current limit threshold Uz, ,,,5 756 and the minimum
current limit threshold Uy, .., 758, respectively. As the
voltage across capacitor 780 (i.e., the current limit threshold
signal U, ,», 74y 748) reaches the maximum current limit
threshold Uy, 4.4+ 756, the current mirror formed by tran-
sistors 795 and 797 are no longer able to mirror the current [~
provided by current source 772 and will provide less current
to charge the capacitor 780. Similar can be said for as the
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voltage across capacitor 780 (i.e., the current limit threshold
signal Uy, ;. - 748) reaches the minimum current limit
threshold Uy, 4, 758. Thus, as the voltage across capacitor
780 approaches the maximum current limit threshold
Uy azax 756 or the minimum current limit threshold
Uz aan 758, the rate at which the current limit threshold
signal Uy, ., 7 748 increases or decreases will slow. Or in
other words, the magnitude of both the increase rate and the
decrease rate of the current limit threshold signal Uy, ;,,
748 will lessen. In one example, the point in which the current
mirrors are unable to correctly mirror current I - and I,,¢ (the
point at which the increase rate and the decrease rate of the
current limit threshold signal Uy, 77 748 start to reduce),
respectively, partially depends on the ratio between the chan-
nel width and channel length of transistors 795, 797,798, and
799. Eventually, the current limit threshold generator 728
clamps the current limit threshold signal Uy, 5, 7z 748 t0
either the minimum current limit threshold Uy, 4, 758 or
the maximum current limit threshold Uy 5,1 756.

FIG. 8 is a timing diagram illustrating various example
waveforms of signals shown in FIG. 7 in accordance with the
teachings of the present invention. In particular, the timing
diagram 800 illustrates an example in which the current limit
threshold signal Uy, 5, 74 848 is clamped within the current
limit threshold range at the maximum current limit threshold
Uy azax 856 and the minimum current limit threshold
Uz aan 858. An enable event is received (as shown by the
pulse of enable signal 838) and the drive signal 844 transi-
tions to a logic high value and the power switch S1 110 is
turned ON. When the switch current I, 140 represented with
current sense signal 842 reaches the current limit threshold
signal Uy, 7, -, 848, the drive signal 844 transitions to alogic
low value and the power switch S1 110 is turned OFF. At the
end of the ON time, the charge signal CHG 892 transitions to
a logic high value and the discharge signal DIS 894 transi-
tions to a logic low value. The switch S2 774 is closed and the
current limit threshold signal U, -7 848 increases. As
mentioned above, the length of time which the charge signal
CHG 892 is logic high may be referred to as the fixed time
period.

However, as the current limit threshold signal U, 0, 75
848 approaches the maximum current limit threshold
Uysr azax 756 before the end of the fixed time period, the
current mirror formed by transistors 795 and 797 is no longer
able to mirror the current I~ provided by current source 772
and will provide less current to charge the capacitor 780. As
such the increase rate of the current limit threshold signal
Uziar 727848 decreases as shown by the curved characteristic
of the current limit threshold signal U, ,,, ,, 848 closer to
the maximum current limit threshold Ugy 4.,y 856. The
shape of the curved characteristic may be partially deter-
mined by the ratio between the channel width and channel
length of transistor 795 and 797. Once the current limit
threshold signal Uy, ;,, ;848 reaches the maximum current
limit threshold Uy, 4., 856, the current mirror formed by
transistors 795 and 797 provide substantially no current and
the current limit threshold signal Uy, ;,, 7, 848 is substan-
tially clamped at the maximum current limit threshold
Uz a24x 856.

At the end of the fixed on time, the discharge signal DIS
894 transitions to a logic high value and switch S3 778 is
closed and the current limit threshold signal U5, 727 848
begins to decrease within the current limit threshold range
865. However, as the current limit threshold signal Uy, 75, 7
848 approaches the minimum current limit threshold
Uysr auy 858, the current mirror formed by transistors 798
and 799 is no longer able to mirror the current I, provided
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by current source 776 and will provide less current to dis-
charge the capacitor 780. As such, the magnitude of the
decrease rate of the current limit threshold signal Uy, 5, 7
848 decreases as shown by the curved characteristic of the
current limit threshold signal Uy, 57 848 closer to the
minimum current limit threshold Uz, 5., 858. The shape of
the curved characteristic may be partially determined by the
ratio between the channel width and channel length of tran-
sistor 798 and 798. Once the current limit threshold signal
Uiz 7y 848 reaches the minimum current limit threshold
Uz aan 858, the current mirror formed by transistors 798
and 799 provide substantially no current and the current limit
threshold signal U, ;,, 77848 is substantially clamped at the
minimum current limit threshold U, ., 858.

The above description of illustrated examples of the
present invention, including what is described in the Abstract,
are not intended to be exhaustive or to be limitation to the
precise forms disclosed. While specific embodiments of, and
examples for, the invention are described herein for illustra-
tive purposes, various equivalent modifications are possible
without departing from the broader spirit and scope of the
present invention. Indeed, it is appreciated that the specific
example voltages, currents, frequencies, power range values,
times, etc., are provided for explanation purposes and that
other values may also be employed in other embodiments and
examples in accordance with the teachings of the present
invention.

What is claimed is:

1. A controller for use in a power converter, comprising:

a drive circuit coupled to generate a drive signal to control

switching of a power switch to control a transfer of
energy from a power converter input to a power con-
verter output;

an input for receiving an enable signal including enable

events responsive to the power converter output,
wherein the drive circuit is coupled to turn ON the power
switch in response to the enable events and turn OFF the
power switch in response to a power switch current
reaching a current limit threshold; and

a current limit threshold generator coupled to receive the

drive signal from the drive circuit and to vary the current
limit threshold in response to the enable events of the
enable signal, wherein the current limit threshold gen-
erator is coupled to increase, within a current limit
threshold range, the current limit threshold by a fixed
increase amount during a fixed time period in response
to an end of each ON time of the power switch, and
wherein the current limit threshold generator is coupled
to begin decreasing, within the current limit threshold
range, the current limit threshold at a decrease rate after
the fixed time period after the end of each ON time of the
power switch.

2. The controller of claim 1, wherein a time between suc-
cessive enable events of the enable signal is responsive to the
power converter output.

3. The controller of claim 1, wherein the enable events
include transitions from one logic state to another logic state
in the enable signal.

4. The controller of claim 1, wherein the current limit
threshold generator is coupled to vary the current limit thresh-
old in response to a time between successive enable events of
the enable signal over a range of output loads coupled to the
power converter output.

5. The controller of claim 1, wherein the fixed increase
amount is less than the current limit threshold range such that
aplurality of switching cycles of the power switch is required
to cause the current limit threshold generator to vary the
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current limit threshold from a minimum current limit thresh-
old to a maximum current limit threshold of the current limit
threshold range.

6. The controller of claim 1, wherein the current limit
threshold generator is coupled to increase the current limit
threshold up to a maximum current limit threshold in
response to the end of each ON time of the power switch.

7. The controller of claim 1, wherein the current limit
threshold generator is coupled to decrease the current limit
threshold, within the current limit threshold range, as a time
between successive enable events increases.

8. The controller of claim 1, wherein the fixed time period
is substantially zero.

9. The controller of claim 1, wherein the decrease rate is
adjusted in response to an input voltage coupled to the power
converter input.

10. The controller of claim 9, wherein the decrease rate is
selected from one of a first constant decrease rate and a
second constant decrease rate in response to the input voltage.

11. The controller of claim 1, wherein the drive circuit
includes a latch coupled to generate the drive signal and
coupled to be set in response to the enable events, wherein the
drive circuit further includes a comparator coupled to reset
the latch in response to a comparison of a current sense signal
representative of the power switch current and the current
limit threshold.

12. The controller of claim 1, wherein the current limit
threshold generator includes a monostable multivibrator
coupled to generate a one shot pulse to determine the fixed
time period, wherein the monostable multivibrator is coupled
to receive the drive signal to generate the one shot pulse in
response to the end of each ON time of the power switch.

13. A controller for use in a power converter, comprising:

a drive circuit coupled to generate a drive signal to control

switching of a power switch to control a transfer of
energy from a power converter input to a power con-
verter output;

an input for receiving an enable signal including enable

events responsive to the power converter output,
wherein the drive circuit is coupled to turn ON the power
switch in response to the enable events and wherein the
drive circuit is coupled to turn OFF the power switch in
response to a power switch current reaching a current
limit threshold; and

a current limit threshold generator coupled to receive the

drive signal from the drive circuit to generate the current
limit threshold, wherein the current limit threshold gen-
erator is coupled to increase, within a current limit
threshold range, the current limit threshold at an increase
rate during a fixed time period after an end of each ON
time of the power switch, and wherein the current limit
threshold generator is coupled to decrease the current
limit threshold, within the current limit threshold range,
after the fixed time period at a decrease rate until the
power switch current reaches the current limit threshold.

14. The controller of claim 13, wherein the drive circuit
includes a latch coupled to generate the drive signal and
coupled to be set in response to the enable events, wherein the
drive circuit further includes a comparator coupled to reset
the latch in response to a comparison of a current sense signal
representative of the power switch current and the current
limit threshold.

15. The controller of claim 13, wherein the current limit
threshold generator includes a monostable multivibrator
coupled to generate a one shot pulse to determine the fixed
time period, wherein the monostable multivibrator is coupled
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to receive the drive signal to generate the one shot pulse in
response to the end of each ON time of the power switch.

16. The controller of claim 13, wherein the current limit
threshold generator includes a capacitor coupled to generate
the current limit threshold, wherein the capacitor is coupled to
be charged by a first current source during the fixed time
period if the current limit threshold is within the current limit
threshold range, and wherein the capacitor is coupled to be
discharged by a second current source after the fixed time
period if the current limit threshold is within the current limit
threshold range.

17. The controller of claim 16, wherein the second current
source is coupled to be responsive to an input voltage coupled
to the power converter input.

18. The controller of claim 16, wherein the second current
source is coupled to discharge the capacitor at a first rate in
response to a first value of the input voltage, and wherein the
second current source is coupled to discharge the capacitor at
a second rate in response to a second value of the input
voltage.

19. The controller of claim 16, wherein the first current
source includes a first current minor coupled between the
capacitor and a maximum current limit threshold reference
voltage, and wherein the second current source includes a
second current minor coupled between the capacitor and a
minimum current limit threshold reference voltage.

20. The controller of claim 19, wherein the first current
mirror includes a p-type metal oxide semiconductor field
effect transistor (MOSFET) coupled between the capacitor
and the maximum current limit threshold reference voltage,
and wherein the second current mirror includes an n-type
MOSFET coupled between the capacitor and the minimum
current limit threshold reference voltage.

21. The controller of claim 13, wherein a product of the
fixed increase rate and the fixed time period is less than the
current limit threshold range such that a plurality of switching
cycles of the power switch is required to cause the current
limit threshold generator to vary the current limit threshold
from a minimum current limit threshold to a maximum cur-
rent limit threshold of the current limit threshold range.

22. The controller of claim 13, wherein a magnitude of the
increase rate is substantially greater than a magnitude of the
decrease rate.

23. A power converter, comprising:

an energy transfer element coupled to a power converter

input through a power switch and coupled to a power

converter output,

an enable circuit coupled to generate an enable signal

including enable events responsive to the power con-

verter output; and

a controller coupled to the power switch to control switch-

ing of the power switch to regulate the power converter

output, the controller including:

a drive circuit coupled to receive the enable signal and a
current sense signal representative of a power switch
current to generate a drive signal to control switching
of the power switch, wherein the drive circuit is
coupled to turn ON the power switch in response to
the enable events and turn OFF the power switch in
response to the power switch current reaching a cur-
rent limit threshold; and

a current limit threshold generator coupled to receive the
drive signal from the drive circuit to vary the current
limit threshold in response to the enable events of the

10

15

20

25

30

35

40

45

50

55

60

22

enable signal, wherein the current limit threshold gen-
erator is coupled to begin decreasing, within the cur-
rent limit threshold range, the current limit threshold
at a decrease rate after a fixed time period after an end
of each ON time of the power switch.

24. The power converter of claim 23, wherein a time dif-
ference between successive enable events of the enable signal
is responsive to a load coupled to the power converter output.

25. The power converter of claim 23, wherein the current
limit threshold generator is coupled to vary the current limit
threshold in response to a time between successive enable
events of the enable signal over a range of output loads
coupled to the power converter output.

26. The power converter of claim 23, wherein the current
limit threshold generator is coupled to increase, within a
current limit threshold range, the current limit threshold by a
fixed increase amount in response to the end of each ON time
of the power switch.

27. The power converter of claim 26, wherein the fixed
increase amount is less than the current limit threshold range
such that a plurality of switching cycles of the power switch
is required to cause the current limit threshold generator to
vary the current limit threshold from a minimum current limit
threshold to a maximum current limit threshold of the current
limit threshold range.

28. The power converter of claim 23, wherein the current
limit threshold generator is coupled to increase the current
limit threshold up to a maximum current limit threshold in
response to the end of each ON time of the power switch.

29. The power converter of claim 23, wherein the current
limit threshold generator is coupled to decrease the current
limit threshold, within a current limit threshold range, as a
time between successive enable events increases.

30. The power converter of claim 23, wherein the decrease
rate is adjusted in response to an input voltage coupled to the
power converter input.

31. The power converter of claim 30, wherein the decrease
rate is selected from one of a first constant decrease rate and
a second constant decrease rate in response to the input volt-
age.

32. The power converter of claim 23, wherein the drive
circuit includes a latch coupled to generate the drive signal
and coupled to be setin response to the enable events, wherein
the drive circuit further includes a comparator coupled to
reset the latch in response to a comparison of the current sense
signal and the current limit threshold.

33. The power converter of claim 23, wherein the current
limit threshold generator includes a monostable multivibrator
coupled to generate a one shot pulse to determine the fixed
time period, wherein the monostable multivibrator is coupled
to receive the drive signal to generate the one shot pulse in
response to the end of each ON time of the power switch.

34. The power converter of claim 23, wherein the current
limit threshold generator includes a capacitor coupled to gen-
erate the current limit threshold, wherein the capacitor is
coupled to be charged by a first current source during a fixed
time period after the end of each ON time of the power switch
if the current limit threshold is within a current limit threshold
range, and wherein the capacitor is coupled to be discharged
by a second current source after the fixed time period if the
current limit threshold is within the current limit threshold
range.



